The binding of four radioactive cholinergic ligands to a particulate fraction of Electrophorus A major problem in the attempted isolation of acetylcholine (ACh) receptor macromolecules is how to identify them in vitro. Acting on the hypothesis that in vitro, ACh receptor retains its affinity for cholinergic ligands and binds them reversibly and competitively, we searched for such macromolecules in different excitable tissues. We found them in a particulate fraction of Torpedo electroplax and a 100,000 X g, 1 hr supernatant of housefly heads (1-5). They bound muscarone, nicotine, decamethonium, and dimethyl-dtubocurarine (dimethylcurare); in the housefly head and rat brain, atropine was bound also (3, 6). When binding was measured by equilibrium dialysis over a restricted range of ligand concentration (0.1-1 ,AM), only a single binding site was detected for each ligand in the above cases; but when the concentration was extended (0.001-100 AM), several sites were revealed in Torpedo electroplax (7). On the basis of concentrations of binding sites, reversibility of binding, and competition by other cholinergic ligands, it was suggested that either one or more of the sites formed part of the acetylcholine receptor macromolecule. The binding macromolecules were phospholipoproteins of nicotinic nature in Torpedo, and proteins of nicotinic and muscarinic nature in houseflies (3, 5).
A major problem in the attempted isolation of acetylcholine (ACh) receptor macromolecules is how to identify them in vitro. Acting on the hypothesis that in vitro, ACh receptor retains its affinity for cholinergic ligands and binds them reversibly and competitively, we searched for such macromolecules in different excitable tissues. We found them in a particulate fraction of Torpedo electroplax and a 100,000 X g, 1 hr supernatant of housefly heads (1) (2) (3) (4) (5) . They bound muscarone, nicotine, decamethonium, and dimethyl-dtubocurarine (dimethylcurare); in the housefly head and rat brain, atropine was bound also (3, 6) . When binding was measured by equilibrium dialysis over a restricted range of ligand concentration (0.1-1 ,AM), only a single binding site was detected for each ligand in the above cases; but when the concentration was extended (0.001-100 AM), several sites were revealed in Torpedo electroplax (7) . On the basis of concentrations of binding sites, reversibility of binding, and competition by other cholinergic ligands, it was suggested that either one or more of the sites formed part of the acetylcholine receptor macromolecule. The binding macromolecules were phospholipoproteins of nicotinic nature in Torpedo, and proteins of nicotinic and muscarinic nature in houseflies (3, 5) .
Further supporting evidence that one or more of the sites was on the ACh receptor was that in the housefly extract, toxic but not nontoxic nicotine analogs were found to block binding of muscarone and nicotine (4) . Also, in electroplaxes, Abbreviation: ACh, acetylcholine.
there was excellent correlation between the high concentrations of organophosphates needed to reversibly block the response of the ACh receptor in vivo in Electrophorus (8) , and to block the in vitro binding of muscarone and acetylcholine to Torpedo (9) .
With the majority of our extensive binding data coming from Torpedo electroplax (1, 2, 4, 5, 7, 9) (3, 5) . Equilibrium dialysis (for 16 hr at 4°C) was performed for each 1 ml of electroplax preparation in 100 volumes of modified Krebs-Ringer solution (3) (pH 7.4, ionic strength 0.2), containing the radioactive ligand. After dialysis, the difference between radioactivity in samples of electroplax over equal volumes of solution, represented amount of ligand bound. Details of the procedure, sampling and counting, sources and treatment with enzymes, reversibility measurements, and statistical analysis have all been previously described (5, 7). 
RESULTS
In contrast to the total homogenate of Torpedo electroplax, that of the eel did not significantly bind muscarone at 1 1AM when the tissue concentration was 25% (w/v). No binding was observed in the 100,000 X g supernate and very little binding was associated with the pellet. However, when tissue concentration in the reconstituted pellet was increased to 1 g of original electroplax per ml (10 mg of protein per ml) significant binding was observed. Binding was then studied over a wide ligand concentration (0.001-100 AM); muscarone and nicotine were found to bind significantly only below 1 MM, but decamethonium and dimethylcurare were bound over the entire ligand concentration studied. Scatchard plots (Fig. 1) and the iterative computer analysis of the binding data (Table  1) showed that muscarone and nicotine bound to single sites, but several binding sites were revealed for decamethonium and dimethylcurare. The Scatchard curve for dimethylcurare (Fig. ic) had an early rising portion at low ligand concentration, similar to that exhibited in positive cooperativity (13) . The concentrations of binding sites for muscarone and nicotine and of the first two sites for decamethonium (B,, B2) and the second binding site (B2) for dimethylcurare were similar ( Table 1) .
Reversibility of binding of the four ligands was studied by a second dialysis of the particulate fraction against 100 volumes of ligand-free Krebs-Ringer solution. The amount bound at 0.1 uM of ligand was reduced to within 10% of that bound at 0.001 pM of ligand as calculated from Lineweaver-Burk plots. This indicated that binding (at the 0.1 AM concentration) was totally reversible. (14) , and especially in view of the many binding sites revealed for decamethonium and dimethylcurare in this eel preparation, it was important to obtain a general idea of the specificity of these ligands. Several proteins were selected arbitrarily and binding was determined (Table 3) at the low ligand concentration of 0.01 /AM, so as to detect only very specific binding. Surprisingly, muscarone proved to be the most specific for ACh receptor-it did not bind to any of the proteins listed in Table 3 ; nicotine bound only to butyrylcholinesterase; dimethylcurare bound to butyrylcholinesterase and to phospholipase C; and decamethonium was quite nonspecific, binding to 10 of the 28 proteins tested.
DISCUSSION
The present study demonstrates the presence, in this particulate preparation of eel electroplax, of macromolecules that reversibly bind four cholinergic ligands with high affinity. The similarity in the binding (Table 1 ) of the two relatively specific agonists, muscarone and nicotine, is remarkable. They reversibly bind to single sites of similar concentration and compete in binding. We suggest that binding macromolecules, which are phospholipoproteins in both cases (Table  2) , are ACh receptors with a common binding site for the two agonists. Similarities in the binding of muscarone and nicotine were also found in a particulate preparation of Torpedo electroplax, but there were two sites for binding each of these ligands (7); the evidence strongly suggested that both sites are on the ACh receptor, which perhaps exists in two conformations with different affinities to ligands, as has been suggested from physiological studies (15) . We cannot exclude the possibility that the ACh receptor in our eel preparation has another binding site, with different affinity for nicotine and muscarone, which we were unable to detect either because of large differences between the two affinities or because of the predominance of one conformation. Equilibrium dialysis has its limitations, a lower one determined by the radioactivity that can be detected, and an upper one where the radioactivity of the amount bound is so small so as to be masked by the standard deviation of that of the bath samples.
The similarity of the highest affinity site (B1) of decamethonium to that of muscarone and nicotine, in its concentration (Table 1 ) and sensitivity to hydrolases (Table 2) , as well as the competition of 0.005 ,.M decamethonium with nicotine binding (Fig. 2) , leads to the suggestion that there may be one site on the ACh receptor that binds these three ligands.
By virtue of their insensitivity to phospholipase C (Table  2) , the three other sites that bind decamethonium and the two that bind dimethylcurare seem to be on different molecules. Such a possibility is likely, especially in view of their low specificity (Table 3 ). Yet, as found in Torpedo electroplax (7), a paradoxical situation is presented by the antagonist dimethylcurare, which competes with nicotine and muscarone for binding. An explanation is that competition may be allosteric between two topographically distinct sites on the macromolecule, and the highest affinity sites that bind dimethylcurare may be on the protein portion of the ACh receptor. For that matter, the second site (B2) that binds decamethonium, which has similar concentration and sensitivity to enzyme treatment, may also be binding at this allosteric site. Physiological data have led to many suggestions (16) that the ACh receptor carries more than one binding site for cholinergic ligands.
The concentration of high-affinity sites is very similar for the three agonists (0.02-0.03 nmol/g of electroplax), and similar to the corresponding concentration (7) for Torpedo electroplax (0.06-0.08 nmol/g of electroplax). For Electrophorus, these values correspond to 2-3 nmol/g of protein; they are compatible with the value of 26 nmol/g of protein of a partially purified membrane preparation from Electrophorus, as estimated by its ability to bind a-bungarotoxin (11).
Changeux et al. (10) calculated dissociation constants for six ligands; only decamethonium was used both in our study and theirs. Their dissociation constant for "receptor in solution" (i.e., after treatment of "microsacs" with deoxycholate and using the supernatant after centrifugation at only 28,000 X g) is 0.9 AM for decamethonium. This is closest to our K3 value for decamethonium (2.5 ,uM), and presumably this is the site which these authors were studying. It appears from our data that this site does not bind muscarone or nicotine. As we found with Torpedo electroplax (7), our constants for the in vitro dissociation of cholinergic ligands from what we believe to be the ACh receptor are much lower than physiologically determined values (10, 17) . Differences in the same direction and of similar magnitude have been found between in vivo and in vitro dissociation constants for Electrophorus acetylcholinesterase (18) . An interesting question is whether disruption of the membrane structure favors conformations of the ACh receptor that have higher affinities for ligands.
Our data suggest that for Electrophorus electroplax, muscarone or nicotine are the preferred ligands with which to study the ACh receptor as purification proceeds. Decamethonium is the least desirable ligand for this purpose.
